Reading landscapes and developing calibration-free runoff generation models that adequately reflect land 16 surface heterogeneities remains the focus of much hydrological research. In this study, we report a novel 17 and simple topography-driven runoff generation parameterization -the HAND-based Storage Capacity 18 curve (HSC), that uses a topographic index (HAND, Height Above the Nearest Drainage) to identify 19 hydrological similarity and the extent of saturated areas in catchments. The HSC can be used as a module 20 in any conceptual rainfall-runoff model. Further, coupling the HSC parameterization with the Mass Curve 21
Introduction 38
Determining the volume and timing of runoff generation from rainfall inputs remains a central challenge 39 in rainfall-runoff modelling (Beven, 2012; McDonnell, 2013) . Creating a simple, calibration-free, but robust 40 runoff generation module has been, and continues to be, an essential pursuit of hydrological modellers. conceptualization normally demands higher data requirements than our standard climatological and 46 hydrological networks can provide, leading to more calibrated parameters and a probable increase in 47 model uncertainty (Sivapalan, 2009) . 48
Hydrological connectivity is a key characteristic of catchment functioning, controlling runoff generation. 49
It is a property emerging at larger scales, describing the temporal dynamics of how spatially 50 heterogeneous storage thresholds in different parts of catchments are exceeded to contribute to storm 51 runoff generation and how they are thus "connected to the stream" (e.g. Zehe Where As (-) represents the contributing area, which equals to the runoff coefficient of a certain rainfall 182 event; Su (mm) represents the averaged root zone soil moisture; SuMax (mm) is the averaged root zone 183 storage capacity of the studied catchment; β (-) is the parameter determining the shape of the power 184 function. The prior range of β can be from 0.1 to 5. The Su -As has a linear relation while β equals to 1. And 185 the shape becomes convex while the β is less than 1, and the shape turns to concave while the β is larger 186 than 1. In most situations, SuMax and β are two free parameters, cannot be directly measured at the 187 catchment scale, and need to be calibrated based on observed rainfall-runoff data. 188
TOPMODEL module 189
The TOPMODEL assumes topographic information captures the runoff generation heterogeneity at 190 catchment scale, and the TWI is used as an index to identify rainfall-runoff similarity (Beven and is determined by the catchment topography (ITW and ITWi), and the root zone storage capacity (SuMax). 203
Therefore, the areas with Di less than zero are the saturated areas (As_i), equal to the contributing areas. 204
The integration of the As_i areas (As), as presented in Equation 4, is the runoff contributing area, which 205 equals to the runoff coefficient of that rainfall event. 206
Besides continuous rainfall-runoff calculation, Equations 2-4 also allow us to obtain the contributing area 207 (As) from the estimated relative soil moisture (Su/SuMax), and then map it back to the original TWI map, 208 which makes it possible to test the simulated contributing area by field measurement. It is worth 209 mentioning that the TOPMODEL in this study is a simplified version, and not identical to the original one, 210 which combines the saturated and unsaturated soil components. 211
HSC module 212
In the HSC module, we assume 1) SEF is the dominant runoff generation mechanism, while surface 213 overland flow (SOF) and subsurface flow (SSF) cannot be distinguished; 2) the local root zone storage 214 capacity has a positive and linear relationship with HAND, from which we can derive the spatial 215 distribution of the root zone storage capacity; 3) rainfall firstly feeds local soil moisture deficit, and no 216 runoff can be generated before local soil moisture being saturated. 217 Figure 2 shows the perceptual HSC module, in which we simplified the complicated 3-D topography of a 218 real catchment into a 2-D simplified hillslope. And then derive the distribution of root zone storage 219 capacity, based on topographic analysis and the second assumption as mentioned in the preceding 220 paragraph. Figure 3 shows the approach to derive the Su-As relation, which are detailed as follows. 221
I.
Generate HAND map. The HAND map, which represents the relative vertical distance to the 222 nearest river channel, can be generated from DEM (Gharari et al., 2011) . The stream initiation 223 threshold area is a crucial parameter, determining the perennial river channel network 224 (Montgomery and Dietrich, 1989; Hooshyar et al., 2016) , and significantly impacting the HAND 225 values. In this study, the start area was chosen as 40ha for the BB catchment to maintain a close 226 correspondence with observed stream network. And for the MOPEX catchments, the stream 227 initiation area threshold is set as 500 grid cells (4.05 km 2 ), which fills in the range of stream 228 initiation thresholds reported by others (e.g. Colombo et al., 2007; Moussa, 2008 Moussa, , 2009 ). HAND 229 maps were then calculated from the elevation of each raster cell above nearest grid cell flagged 230 as stream cell following the flow direction (Gharari et al., 2011) . 231
II.
Generate normalized HAND distribution curve. Firstly, sort the HAND values of grid cells in 232 ascending order. Secondly, the sorted HAND values were evenly divided into n bands (e.g. 20 233 bands in this study), to make sure each HAND band has similar area. The averaged HAND value of 234 each band is regarded as the HAND value of that band. Thirdly, normalize the HAND bands, and 235 then plot the normalized HAND distribution curve (Figure 2b) . 236 9
III.
Distribute SuMax to each HAND band (SuMax_i). As assumed, the normalized storage capacity of each 237 HAND band (SuMax_i) increases with HAND value (Figure 2c ). Based on this assumption, the 238 unsaturated root zone storage capacity (SuMax) can be distributed to each HAND band as SuMax_i 239 (Figure 3a) . It is worth noting that SuMax needs to be calibrated in the HSC module, but free of 240 calibration in the HSC-MCT module. 241
IV.
Derive the Su -As curve. With the number of s saturated HAND bands (Figure 3a-c Where SuMax_s is the maximum SuMax_i of all the saturated HAND bands. Subsequently, the As -Su 247 curve can be derived, and shown in Figure 3d . 248
The SEF mechanism assumes that runoff is only generated from saturation areas, therefore the proportion 249 of saturation area is equal to the runoff coefficient of that rainfall-runoff event. Based on the Su-As curve 250
in Figure 3d , generated runoff can be calculated from root zone moisture (Su). The HSC module also allows 251 us to map out the fluctuation of saturated areas by the simulated catchment average soil moisture. For 252 each time step, the module can generate the simulated root zone moisture for the entire basin (Su). Based 253 on the Su-As relationship (Figure 3d ), we can map Su back to the saturated area proportion (As) and then 254 visualize it in the original HAND map. Based on this conceptual model, we developed the computer 255 program and created a procedural module. The technical roadmap can be found in Figure 4 . 256
HSC-MCT module 257
The SuMax is an essential parameter in various hydrological models (e.g. HBV, Xinanjiang, GR4J), which 258 determines the long-term partitioning of rainfall into infiltration and runoff. Gao et al., 2014a found that 259
SuMax represents the adaption of ecosystems to local climate. Ecosystems may design their SuMax based on 260 the precipitation pattern and their water demand. The storage is neither too small to be mortal in dry 261 seasons, nor too large to consume excessive energy and nutrients. Based on this assumption, we can 262 estimate the SuMax without calibration, by the MCT method, from climatological and vegetation 263 information. More specifically, the average annual plant water demand in the dry season (SR) is 264 determined by the water balance and the vegetation phenology, i.e. precipitation, runoff and seasonal 265 NDVI. Subsequently, based on the annual SR, the Gumbel distribution (Gumbel, 1935) , frequently used for 266 estimating hydrological extremes, was used to standardize the frequency of drought occurrence. SR20y, i.e. 267 the root zone storage capacity required to overcome a drought once in 20 years, is used as the proxy for 268
SuMax due to the assumption of a "cost" minimization strategy of plants as we mentioned above (Milly, 269 1994) , and the fact that SR20y has the best fit with SuMax . The SR20y of the MOPEX catchments can be found 270 in the map of (Gao et al., 2014a) . 271
Eventually, with the MCT approach to estimate SuMax and the HSC curve to represent the root zone storage 272 capacity spatial distribution, the HSC-MCT runoff generation module is created, without free parameters. 
Where r is the linear correlation coefficient between simulation and observation; ( of catchment characteristics on model performance, excluding hydrometeorology data, we also collected 360 the datasets of topography, depth to rock, soil texture, land use, and stream density (Table 3) . These 361 characteristics help us to understand in which catchments the HSC performs better or worse than the 362 benchmark models. 363
Hydrometeorology 364
The dataset contains the daily precipitation, daily maximum and minimum air temperature, and daily 365 streamflow. The daily streamflow was used to calibrate the free parameters, and validate the models. 366
Topography 367
The Digital Elevation Model (DEM) of the CONUS in 90m resolution was download from the Earth Explorer 368 of United States Geological Survey (USGS, http://earthexplorer.usgs.gov/). The HAND and TWI map can 369 be generated from DEM. The averaged elevation and HAND are used to as two catchment characteristics. 370
Soil texture 371
In this study, soil texture is synthetically represented by the K factor, since the K factor is a lumped soil 372 erodibility factor which represents the soil profile reaction to soil detachment (Renard et al., 2011) . 373
Generally, the soils (high in clay and sand) have low K values, and soils with high silt content have larger K 374 values. The averaged K factor for each catchment was calculated from soil survey information available 375 from USGS (Wolock, 1997) . 376
Land use 377
Land use data was obtained from National Land Cover Database (NLCD, http://www.mrlc.gov/nlcd.php). 378
Forest plays an essential role in hydrological processes (Gao et al., 2018a) , especially for the runoff 379 generation (Brooks et al., 2010 Based on the HAND profiles and the Step III in Section 2.2, we derived the normalized storage capacity 446 distribution for all catchments (Figure 12b) . Subsequently, the root zone moisture and saturated area 447 relationship (As-Su) can be plotted by the method in Step IV of Section 2.2. Lastly, reversing the curve of 448
As-Su to Su-As relation (Figure 12c ), the latter one can be implemented to simulate runoff generation by 449 soil moisture. Since the modules of interception, evaporation and routing are identical for the four models, the runoff 521 generation modules are the key to understand the difference in model performance. Figure S5 shows the 522 HBV β curve and the Su-As curve of the HSC model, as well the TWI frequency distribution. We found that 523 with a given Su/SuMax, the HBV β function generates less contributing area than the HSC model, which 524 explains the underestimation of the HBV model. In contrast, TOPMODEL has a sharp and steep 525 accumulated TWI frequency curve. In particular, the region with TWI=8 accounts for 40% of the catchment 526 area, and over 95% of the catchment areas are within the TWI ranging from 6 to 12. This indicates that 527 even with low soil moisture content (Su/SuMax), the contributing area by TOPMODEL is relatively large, 528 leading to the sharply increased peak flows for all rainfall events. where Hortonian overland flow is likely the dominant mechanism, and the HSC assumption likely does not 546 work well. This indicates that comparing with TWI, the HAND is closer to catchment realism distinguishing 547 hydrological similarity in gentle topography catchments. 548
The FLEX-Topo model (Savenije, 2010 ) also uses HAND as a topographic index to distinguish between 549 landscape-related runoff processes, and has both similarity and differences with the HSC model. The 550 results of the HSC model illustrate that the riparian areas are more prone to be saturated, which is 551 consistent with the concept of the FLEX-Topo model. Another important similarity of the two models is 552 their parallel model structure. In both models it is assumed that the upslope area has larger storage 553 capacity, therefore the upper land generates runoff less and later than the lower land. In other words, in 554 most cases, the local storage is saturated due to the local rainfall, instead of flow from upslope. compelling evidence to support the outperformance of sophisticated "physically-based" models in terms 571 of higher equifinality and uncertainty than the simple lumped or semi-distributed conceptual models in 572 rainfall-runoff simulation (Beven, 1989; Orth et al., 2015) . 573
But evidence is mounting that a catchment is not a random assemblage of different heterogeneous parts 574 calibration is one of the reasons. However, the physical rationale of these parsimonious models is still 578 largely unknown lacking a physical explanation to interpret these empirical curves described by 579 mathematical functions (e.g. Equation 3 in Perrin et al., 2003) . 580
The benefits of the new HSC module are two-fold. From a technical point of view, the HSC allows us to 581 make Prediction in Ungauged Basins without calibrating the beta parameter in many conceptual 582 hydrological models. Furthermore, the HSC module, from a scientific point of view, provides us with a new 583 perspective on the linkage between the spatial distribution patterns of root zone storage capacity (long-584 term ecosystem evolution) with associated runoff generation (event scale rainfall-runoff generation). 585
Asking questions of "why" rather than "what" likely leads to more useful insights and a new way forward 586 (McDonnell et al., 2007) . The HSC module provides us with a rationale from an ecological perspective to 587 understand the linkage and mechanism between large-sample hillslope ecological observations and the curve 588 of root zone storage capacity distribution (Figure 1, 2, 3 ). Catchment is a geomorphological and even an 589 ecological system whose parts are related to each other probably due to catchment self-organization and Although the new modules perform well in the BB and the MOPEX catchments, we do not intend to 616 propose "a model fits all". The assumption of HSC, to some extent, is supported by large-sample ecological 617 field observation (Fan et al., 2017) , but it never means the As-Su curve of HSC can perfectly fit the other 618 existing curves (e.g. HBV and TOPMODEL). Unify all model approaches into one framework is the objective 619 of several pioneer works (e.g. Clark, et al., 2010; Fenicia et al., 2011) , but out of the scope of this study. 620
Moreover, while estimating the runoff coefficient by the As-Su relation, rainfall in the early time may cause 621 the increase of Su/SuMax and runoff coefficient (Moore, 1985; Wang, 2018) and not necessarily 100% filled with water, which probably also results in the overestimation of saturated 639 areas. Interestingly, in theory the observed saturated area should be within the simulated contributing 640 area, due to the fact that the saturated soil moisture is always larger than field capacity. From this point 641 of view, the observed saturated area is smaller and within the contributing area simulated by HSC, but 642 TOPMODEL missed this important feature. 4) Only the runoff generation module is calibration free, but 643 the interception and response routines still rely on calibration. Although we kept the interception and 644 response routine modules the same for the four models, the variation of other calibrated parameters (i.e. 645
SiMax, D, Kf, Ks, TlagF) may also influence model performance in both calibration and validation. 5) The 646 computational cost of the HSC is more expensive than HBV, and similar to TOPMODEL, due to the cost of 647 preprocessed topographic analysis. But once the Su-As curve is completed, the computation cost is quite 648 comparable with HBV. 649 7 Summary and conclusions
650
In this study, we developed a simple and calibration-free hydrological module (HAND-based Storage 651
Capacity curve, HSC) based on a relative new topographic index (HAND), which is not only an excellent 652 23 physically-based indictor for the hydraulic gradient, but also represents the spatial distribution of root 653 zone storage capacity supported by large-sample ecological observations. Based on HAND spatial 654 distribution pattern, the soil moisture (Su) -saturated area (As) relation for each catchment was derived, 655 which was used to estimate the As of specific rainfall event based on continuous calculation of Su. 656
Subsequently, based on the Su-As relation, the HSC module was developed. Then, applying the mass curve 657 technique (MCT) approach, we estimated the root zone storage capacity (SuMax) from observable hydro-658 climatological and vegetation data, and coupled it with HSC to create the calibration-free HSC-MCT 659 module. The HBV and TOPMODEL were used as two benchmarks to test the performance of HSC and HSC-660 MCT on both hydrograph simulation and ability to reproduce the contributing area, which was measured 661 for different hydrometeorological conditions in the Bruntland Burn catchment in Scotland. Subsequently, 662 323 MOPEX catchments in the US were used as a large-sample hydrological study to further validate the 663 effectiveness of our proposed runoff generation modules. 664
In the BB exploratory study, we found that the HSC, HBV and TOPMODEL performed comparably well to 665 reproduce the observed hydrograph. Comparing the estimated contributing area of TOPMODEL with the 666 HSC module, we found that HSC module performed better to reproduce saturated area variation, in terms 667 of the correlation coefficient and spatial patterns. This likely indicates that HAND maybe a better indicator 668 to distinguish hydrological similarity than TWI. 
